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ABSTRACT: Cattle in breeds formed by recent 
crossing of Bos taurus (Bt) and Bos indicus (Bi) sub-
species should contain chromosomes that are a compos-
ite of Bt and Bt segments. Using data from a 50K SNP 
chip, we were able to identify whether a chromosome 
segment of 11 SNP in a composite animal descended 
from a Bt or a Bi ancestor. When the method was 
tested in purebred Bt or Brahman cattle, about 94% 
of segments were assigned correctly. About 10% of the 
genome in Australian Brahman cattle appears to be of 
Bt origin, as might be expected from their history. We 
then examined the effect of the origin of each chromo-
some segment on BW in a population of 515 Bt × Bi 
composite cattle and found 67 chromosome segments 
with a significant (P < 0.01) effect. We confirmed these 
effects by examining these 67 segments in a population 
of Brahman cattle and in a population of mixed breeds 
including composite breeds such as Santa Gertrudis 
and Brahman cattle. About 66% of the 67 segments 
had an effect in the same direction in the confirmation 
analyses as in the discovery population. However, the 
effect on BW and other traits of chromosome segment 
origin is small, indicating that we had low power to 
detect these effects with the number of animals avail-
able. Consequently, when chromosome segment origin 
was used in genomic selection to predict BW, the ac-
curacy was low (0.08). Chromosome segments that had 
a positive effect on BW tend to be at greater frequency 
in composite breeds than chromosome segments with a 
negative effect on BW.
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INTRODUCTION
The taurine (Bos taurus; Bt) and zebu (Bos indi-
cus; Bi) subspecies compose the majority of the world 
cattle populations. Bos taurus and Bi cattle were do-
mesticated independently in the Near East and in In-
dia, respectively (Bradley et al., 1998; Beja-Pereira et 
al., 2006). The time of divergence between the taurine 
and the zebu lineage based on mitochondrial DNA data 
was estimated at about 117,000 to 275,000 yr before 
the present (Bradley et al., 1996). The estimate based 
on microsatellite data was much greater at 610,000 to 
850,000 yr (MacHugh et al., 1997).
Australia has no indigenous cattle. Bos taurus cattle 
were introduced to Australia by European settlers in 
the end of the 18th century. The main Bi breed used for 
beef production in Australia is the Brahman, which was 
imported in the 20th century. In Australia the Brah-
man breed has been “graded up” from Bt cows and 
Brahman animals imported from the United States. 
Crossbreeding between Brahman and Bt breeds has 
also been used to form several synthetic or composite 
breeds such as the Santa Gertrudis, Belmont Red, and 
so-called Tropical Composites bred by Australian pas-
toral companies. Because this crossbreeding has been 
recent, large chromosome segments of Bt or Bi origin 
should be segregating in these composite breeds.
Because of their long separation and different selec-
tion pressures, Bt and Bi cattle differ substantially in 
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many traits such as presence and absence of a hump, 
heat tolerance, and parasite resistance. It is possible 
that these phenotypic differences reflect large differ-
ences in allele frequency at some genes affecting quan-
titative traits. Even for traits where the subspecies do 
not differ greatly, it is possible that their long separa-
tion has caused differences in allele frequency at QTL. 
Therefore, there is an opportunity to select within 
composite breeds for chromosome segments that derive 
from either the Bt or Bi ancestor according to which 
was superior on average for the breeding objective. This 
would result in a composite breed that had the desir-
able alleles from both parent subspecies, which is the 
aim of many breeders of composite breeds.
To achieve this aim we must be able to classify chro-
mosome segments in composite cattle as of either Bi or 
Bt origin, and at each position in the genome we must 
be able to estimate the effect of subspecies chromosome 
origin on traits of interest. In this paper, we present 2 
methods to determine the subspecies origin of a chro-
mosome segment based on 50K SNP data, and then 
estimate the effect of chromosome segment origin on a 
range of growth and carcass traits.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not 
obtained for this study because no new animals were 
handled in this experiment.
SNP Data
The SNP genotypes, which were obtained from the 
BovineSNP50 BeadChip (Illumina, San Diego, CA), 
were previously used in the genome wide-association 
study (Bolormaa et al., 2011). In total, 53,798 SNP 
were genotyped and 50,650 were polymorphic. All 
genotypes had more than 95% quality scores, and the 
proportion of missing genotypes was less than 2.1%. 
Missing genotypes and haplotypes were imputed using 
the fastPHASE program (Scheet and Stephens, 2006).
Populations and Traits
The cattle were from 2 experiments conducted by 
the Australian Cooperative Research Centre (CRC) 
for Beef Genetic Technologies. The CRC I data set 
contained 900 steers that were measured for net feed 
intake and growth and carcass traits (Table 1), follow-
ing standard procedures described by Johnston et al. 
(2003), Robinson and Oddy (2004), and Barwick et al. 
(2009). These steers were from 7 different pure breeds 
of 3 breed types. Four breeds (Angus, Murray Grey, 
Shorthorn, and Hereford) were Bt; 1 breed (Brahman) 
was Bi; and 2 breeds (Santa Gertrudis and Belmont 
Red) were Bt × Bi synthetic breeds (Johnston et al., 
2003). The CRC II data set contained 1,100 cows with 
BW and height data. These cows were either Brahman 
(Bi) or Bi × Bt composite cattle (Table 1; Barwick et 
al., 2009). The exact time at which BW was measured 
is given in the references but was during finishing in 
CRC I cattle and at the end of the first postwean-
ing wet season in CRC II cattle. In total, genotypes of 
2,000 animals (665 Bi, 528 Bt, and 807 Bt × Bi) were 
used in this study.
Statistical Analyses
Estimating the Origin of a Chromosome Seg-
ment. Each chromosome was divided into nonoverlap-
ping segments consisting of m consecutive SNP (m = 9 
to 17 SNP). If, at the end of a chromosome, there were 
less than m SNP, these were ignored. If a particular 
SNP was not segregating in the composite cattle [the 
allele frequency (pBt × Bi) equals 0 or 1], then this SNP 
was removed from the data. We used 2 methods, de-
rived in the Appendix, to estimate the probability that 
a particular chromosome segment in a given animal was 
of Bi origin. We represent this probability as b.
The first method used the allele at each SNP within 
the m SNP constituting a segment. At each SNP, 1 of 
the 2 alleles was arbitrarily scored 1 and the other allele 
was scored 0. The formula to estimate b is derived from 
simple linear regression and is
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where xj is the allele at jth SNP for this animal (scored 
0 or 1), pBtj  is the allele frequency at the jth SNP in Bt, 
pBij  is the allele frequency at the jth SNP in Bi, pBt Bij×  
is the allele frequency at the jth SNP in Bt × Bi ani-
mals, and the summation is over the m SNP. If b < 0, 
it is replaced by 0, and if b > 1, it is replaced by 1.
The second method for estimating b uses the hap-
lotype defined by the m SNP. At each position, there 
would be up to 2m variants for a haplotype of length 
m. The following formula was employed where chromo-
some carries the ith variant at this segment:
 b
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where pBti  is the frequency of the ith variant of the hap-
lotype of m SNP in Bt and pBii  is the frequency of the 
ith variant of the haplotype of m SNP in Bi animals. If 
pBti  = pBii  = 0, then b for that particular segment was 
treated as missing. Because the range of the b values is 
between 0 and 1, if the b value of a particular segment 
in a particular animal is close to 1, then the segment 
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has a zebu origin, whereas if it is closer to 0, then the 
segment has a taurine origin. We arbitrarily classified 
segments with b > 0.6 as Bi and b < 0.4 as Bt.
A principal coordinate (PC) analysis of the 51,404 
SNP data (excluding SNP on X chromosome) was also 
performed using the R version 2.9.1 package (R Devel-
opment Core Team, 2005). The first PC distinguished 
Bi from Bt breeds, so the score for an individual com-
posite animal on the first PC is an estimate of the 
proportion of its genome that is Bi in origin. Princi-
pal coordinate analysis was performed for each bovine 
chromosome 1 to 29 and across the whole genome. For 
each animal, the score of the first PC for a chromosome 
estimates the amount of the chromosome derived from 
a Bi ancestor, and this was compared with the average 
b value over that chromosome for the same animal by 
estimating the correlation between these 2 values.
The Effect of Chromosome Segment Origin 
on Phenotype. Using the ASReml software (Gilm-
our et al., 2002), a genome-wide association analysis 
was performed in which the effect of the origin of each 
chromosome segment on each trait (Table 1) was es-
timated. The animal model used was as follows: trait 
~ mean + fixed effects + βb + animal + error, where 
β is the regression of trait on b, the probability of Bi 
origin was fitted as a fixed covariate effect, and animal 
and error were fitted as random effects. Thus a positive 
value for β indicates that animals carrying segments of 
Bi origin at this location had a greater mean for the 
trait than animals carrying Bt segments. Fixed effects 
were different for the CRC I and CRC II data sets. 
For CRC I data set, breed, herd of origin, sex, year of 
measurement, season, market-weight destination, age, 
and nutritional treatment were fitted as fixed effects. 
For CRC II data, the effects of breed, herd of origin, 
sire group, cohort, calving month, and their first-degree 
interactions were fitted as fixed effects as in Bolormaa 
et al. (2011).
A separate analysis and significance test was per-
formed for each of 4,434 chromosome 11-SNP segments, 
and therefore, we compared the number of segments 
that were significant to the number expected by chance 
using a false discovery rate (FDR; Storey, 2002). To 
validate the finding, the segments that were significant 
in the CRC II composite animals were assessed on the 
CRC II Brahman and the CRC I animals.
Genomic Selection Based on Chromosome 
Segment Origin. The b values for each chromo-
some segment were used to derive a relationship ma-
trix among the 2,000 animals. The relationship matrix 
was constructed using the method described in Hayes 
et al. (2009). This relationship matrix was fitted to a 
BLUP model to EBV for BW for the 2,000 animals. 
The BLUP model was used as follows:
 traitj = μ + fixed effectsj + aj + ej,  [3]
where traitj is the record of animal j, μ is the mean, aj 
is a breeding value for animal j, sampled from the dis-
tribution N a( , ),0
2Aσ  where A is the additive relation-
ship matrix constructed from the b values, σa
2 is the 
additive genetic variance, and ej is the vector of ran-
dom deviates. The REML was used to estimate vari-
Table 1. Breed and trait description1 
Trait Unit Mean ± SD2
CRC I  
(No. of records)
CRC II  
(No. of records)
Bt  
(528)
Bt × Bi  
(292)
Bi  
(80)
TC  
(585)
Bi  
(515)
RFI kg/d −0.04 ± 1.18 √ √ √
ADG kg/d 1.40 ± 0.39 √ √ √
DFI kg/d 12.3 ± 2.12 √ √ √
mMWT kg0.73 93.8 ± 11.4 √ √ √
CWT kg 294.5 ± 50.3 √ √ √
RBY % 64.5 ± 2.9 √ √ √
IMF % 4.90 ± 2.3 √ √ √
P8 mm 11.2 ± 4.3 √ √ √
RF mm 8.70 ± 4.4 √ √ √
EMA cm2 83.5 ± 13.5 √ √ √
LDPF kg 4.20 ± 0.80 √ √ √
w1WGT-all kg 301.3 ± 44.3 √ √
w1WGT-BB kg 287.6 ± 43.8 √
w1WGT-TC kg 313.6 ± 41.1 √
w1HH-all cm 126.0 ± 5.7 √ √
w1HH-BB cm 127.4 ± 4.9 √
w1HH-TC cm 125.0 ± 6.0 √
1CRC I and CRC II = Cooperative Research Centre phase I and phase II, respectively; RFI = net feed intake; DFI = daily feed intake; mMWT 
= metabolic mid-weight; CWT = carcass weight; RBY = retail beef yield; IMF = intramuscular fat; P8 = subcutaneous fat depth at the P8 site; 
RF = rib fat; EMA = eye muscle area; LDPF = meat tenderness; w1WGT = BW at the end of the first wet season; w1HH = hip height at the 
end of the first wet season; Bt = Bos taurus; Bi = Bos indicus; Bt × Bi = composite animals; BB = Brahman; TC = Tropical Composite; all = 
TC and BB cattle combined.
2Mean ± SD = mean and its SD, which were estimated based on only genotyped animals.
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ance components. The estimates of EBV were per-
formed using ASReml software (Gilmour et al., 2002). 
In the BLUP analysis, the phenotypic records for the 
CRC I cattle were not used. The analysis used pheno-
type data from CRC II animals and the fixed effects 
used in the BLUP model were the same as described in 
the previous section. However, EBV for CRC I were 
calculated because they were included in the computa-
tion of the relationship matrix. The EBV for the CRC 
I composite cattle were correlated with their phenotype 
for BW, adjusted for fixed effects, to determine the ac-
curacy of the genomic prediction (Hayes and Goddard, 
2008; Daetwyler et al., 2010).
RESULTS
Detection of Chromosome Segments of Zebu 
and Taurine Origin
The correlation between the 2 b values (1 from SNP 
alleles and the other 1 from haplotypes) was 0.99. For 
the rest of the analysis we used the average of the 2 b 
values for each segment. Although the method was de-
signed to estimate the origin of chromosome segments 
in composite cattle, we tested it in Bt and Brahman 
cattle. The distribution of b values for m = 11 SNP 
chromosome segments in the Bt, Bi, and Bt × Bi cattle 
is shown in Figure 1. As expected, most of the b values 
in the Bi animals are approaching 1.0, but there are a 
small number of segments with small b values (Figure 
1). For Bt animals, b values are small, but there are 
many in the range 0.1 < b < 0.4, indicating some un-
certainty, which we believe occurs because there are 
many breeds of Bt cattle included in the data set. For 
composite Bt × Bi animals there are some segments 
with small b values, indicating a Bt origin, and some 
segments with large b values, indicating a Bi origin 
(Figure 1). The average of b values across the genome 
for Australian Brahman cattle was 0.9.
We classified segments with b < 0.4 as of Bt origin, 
segments with b > 0.6 as of Bi origin, and segments 
with 0.4 < b < 0.6 as unassigned. Table 2 shows the 
effect of varying m from 9 to 17. As m increases, the 
proportion of unassigned segments decreases, the pro-
portion of segments in Bi cattle assigned to Bi origin 
increases to 94%, and the proportion of segments in Bt 
cattle assigned to Bt origin increases to 98%. On the 
other hand, Bt × Bi animals carried about one-half of 
their total segments that were of taurine origin and 
the other one-half of segments that were of zebu origin 
(Table 2). For the remainder of the paper, we use m = 
11 SNP segments.
Brahman animals carried some segments of the tau-
rine origin (b < 0.4). At certain positions in the ge-
nome, the proportion of segments of the taurine ori-
gin in Brahman cattle was up to 37%. For example, 
segments with a greater proportion of Bt ancestry are 
shown in Figure 2 (green crosses), situated at around 
140.3 Mbp on BTA1, 80.3 Mbp on BTA 4, 81.4 Mbp 
on BTA 8, and 49.3 Mbp on BTA14. When we investi-
gated the haplotype frequencies at these positions, the 
same haplotypes were frequently represented in Bt, Bi, 
and Bt × Bi populations.
Figure 3 shows the PC decompositions of the geno-
types for the 8 breeds on the first 2 PC. The first PC, 
measured on the horizontal axis, captures 18.3% of the 
total variation, clearly distinguishing the taurine and 
zebu breeds as well as their crossbreeds. The Brahman 
and taurine groups are at opposite extremes of this 
coordinate, and the crossbreed groups (Belmont Red, 
Santa Gertrudis, and Tropical Composites) appear in 
the middle. The second coordinate explains 3.0% of 
the total variation and clearly distinguishes the taurine 
breeds (Hereford, Shorthorn, and Angus). The Mur-
Figure 1. Distribution of b values for segments of 11 SNP across the bovine genome in Bos indicus (Bi), Bos taurus (Bt), and composite (Bt 
× Bi) breed lines. Color version available in the online PDF.
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ray Grey overlaps the Angus group as expected. The 
second coordinate also partially separates the Belmont 
Red breed, which was derived in part from the African-
der breed, from the other 2 crossbreed groups.
The PC analysis was also performed using the SNP 
on 1 chromosome at a time. The correlation between 
the score on the first PC and the average b value over 
a chromosome ranged from 0.951 to 0.974 over chro-
mosomes and was 0.998 for the whole genome. The PC 
scores are not independent of the b values because both 
are based on the SNP genotypes. However, this high 
correlation supports the interpretation that the b val-
ues are estimating the probability that the chromosome 
segments are of Bi origin.
Genome-Wide Association Studies Using  
the Origin-Known Segments
Table 3 shows the number of 11-SNP segments where 
the b values had a significant effect on the traits stud-
ied. The greatest numbers of significant (P < 0.001) 
segments were detected for height, ADG, meat tender-
ness (LDPF), eye muscle area, and BW, indicating 
that there are chromosome positions at which segments 
of Bi origin have a different effect on average than chro-
mosome segments of Bt origin. However, the number of 
significant segments for the majority of traits is small, 
so the FDR was large. The greatest number (26 and 21) 
of significant segments (P < 0.001) for BW and height, 
respectively, was detected where the Tropical Compos-
ites and Brahman cattle were combined together, prob-
ably because this gives the largest data set. When the 
CRC II Bt × Bi cattle were analyzed by themselves 
only 10 segments for BW were significant, and when 
the CRC II Brahman animals were analyzed alone only 
4 segments were significant. This is perhaps not sur-
prising because within the Brahman animals almost all 
segments are of Bi origin.
Only 6 segments were significant (P < 0.001) for re-
sidual feed intake, giving a FDR of 74% (Table 3). This 
means that about only 1 or 2 significant segments are 
expected to be true positives. These 6 segments were 
located on BTA 7, 8, 16, and 22. The 3 of them were 
situated between 87.9 and 98.7 Mbp on BTA 8, where 
significant effects were found in a previous genome-
wide association study, based on the same data using 
individual SNP (Bolormaa et al., 2011).
To confirm the findings made in individual data sets, 
we compared the results between data sets for height 
and BW (Table 4). For instance, of the 16 segments 
that were significant (P < 0.001) in Bt × Bi for height, 
88% (14 segments) had an effect in the same direc-
tion in Brahman cattle (Figure 4). The 5 of these 16 
segments (Table 5) reached significance (P < 0.05) in 
Brahman cattle, and all had the same direction of effect 
in both breeds (Figure 4). If the significant segments 
Table 2. Proportion of the origin-known segments (SEG) in the taurine [Bos taurus 
(Bt)] and zebu [Bos indicus (Bi)] animals 
SEG-length Assigned to Bt Unassigned Assigned to Bi
Breed group: Bt
 9 0.91 0.04 0.05
 10 0.93 0.04 0.04
 11 0.94 0.03 0.03
 12 0.95 0.03 0.03
 13 0.96 0.02 0.02
 14 0.96 0.02 0.02
 15 0.97 0.02 0.01
 16 0.97 0.02 0.01
 17 0.98 0.01 0.01
Breed group: Bi
 9 0.10 0.04 0.86
 10 0.09 0.04 0.88
 11 0.08 0.03 0.89
 12 0.07 0.03 0.90
 13 0.07 0.02 0.91
 14 0.06 0.02 0.92
 15 0.06 0.02 0.93
 16 0.05 0.01 0.93
 17 0.05 0.01 0.94
Breed group: Bt × Bi
 9 0.49 0.06 0.44
 10 0.49 0.06 0.45
 11 0.49 0.05 0.46
 12 0.48 0.05 0.47
 13 0.47 0.04 0.49
 14 0.47 0.04 0.49
 15 0.46 0.04 0.50
 16 0.45 0.03 0.51
 17 0.45 0.03 0.52
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discovered in the Bt × Bi cattle were all false positives, 
we would expect only 50% of segments to have an effect 
in the same direction in another group of cattle. How-
ever, we consistently find more than 50% of segments 
with an effect in the same direction in 2 independent 
data sets showing that not all the significant segments 
are false discoveries.
The REML was used to estimate the variance com-
ponents (σa
2 and σe
2) in model [3], and σ σ σa a e
2 2 2( )+  was 
0.74 for height and 0.70 for BW. When genomic predic-
tion was used to calculate EBV for BW, the correlation 
between the EBV of the CRCI Bt × Bi animals and 
their corrected phenotype for BW was 0.08 with SE of 
0.06.
The mean b value of a segment estimates the propor-
tion of chromosomes in the population that carry a Bi 
segment at this position. Therefore, at positions with 
a large mean b value, the segments of Bi origin have 
tended to be retained. This could be as a result of se-
lection or due to genetic drift. We looked for evidence 
of selection by plotting the effect of each segment on 
BW against its mean b value (Figure 5). Segments with 
large mean b value and positive effect on BW could 
be interpreted as Bi segments that are being retained 
in the composite breeds due to their positive effect on 
BW. Similarly, segments with small mean b value and 
a negative effect on BW could be Bt segments retained 
due to their positive effect on BW (the effect on BW is 
negative because it is the effect of the Bi segment). The 
data in Figure 5 show a significant positive relationship 
between the effect of a segment on BW and its mean b 
value in 2 out of 3 populations. This suggests that se-
lection for increased BW has caused some chromosome 
segments to be retained in composite populations at a 
greater frequency than expected by chance.
DISCUSSION
Both methods (one based on individual alleles and 
the other one based on haplotypes) are able to classify 
chromosome segments as to Bt or Bi origin. The PC 
analysis supports the accuracy of the methods. The un-
certainty of Bt origin indicated by b values in the range 
0.1 to 0.4 may be because the Bt group was represented 
Figure 2. Proportions of segments (SEG) that are of taurine (Bos taurus, Bt) origin (b < 0.4) in Brahman (BB) and Tropical Composite (TC) 
animals along each BTA (Mbp). Chromosome with number 30 refers to chromosome X.
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Figure 3. Principal coordinates (PC) of Euclidean distances derived from genotypes at 51,404 SNP markers for 8 different breeds (AN = 
Angus, BB = Brahman, BR = Belmont Red, HH = Hereford, MG = Murray Grey, SG = Santa Gertrudis, SS = Shorthorn, and TC = Tropi-
cal Composite). The first principal coordinate (PC1) lies on the horizontal axis and the second principal coordinate (PC2) on the vertical axis.
Table 3. Number of significant origin-known segments (SEG) and false discovery rates (FDR) at different P 
thresholds for traits studied in Cooperative Research Centre (CRC) I and CRC II cattle1 
Trait
No. SEG at threshold of P FDR at threshold of P
0.001 (+/−)2 0.01 0.03 0.001 0.01 0.03
CRC I
 RFI 6 (5/1) 49 146  0.74 0.90 0.91
 ADG 16 (5/11) 73 183  0.28 0.60 0.72
 DFI 3 (0/3) 36 128  1.48 1.23 1.04
 mMWT 8 (5/3) 52 178  0.55 0.85 0.74
 CWT 10 (6/4) 54 260  0.44 0.82 0.50
 RBY 3 (3/0) 38 137  1.48 1.17 0.97
 IMF 0 (−/−) 16 185  — 2.79 0.71
 P8 3 (3/0) 34 234  1.48 1.31 0.56
 RF 3 (2/1) 31 194  1.48 1.43 0.68
 EMA 14 (10/4) 90 190  0.32 0.49 0.69
 LDPF 15 (9/6) 90 180  0.29 0.49 0.73
CRC II
 w1WGT-all 26 (14/12) 99 61  0.17 0.44 2.22
 w1WGT-BB 4 (4/0) 38 144  1.11 1.17 0.92
 w1WGT-TC 10 (4/6) 67 115  0.44 0.66 1.16
 w1HH-all 21 (15/6) 96 224  0.21 0.46 0.58
 w1HH-BB 10 (3/7) 78 231  0.44 0.56 0.56
 w1HH-TC 16 (14/2) 75 290  0.28 0.59 0.75
1RFI = residual feed intake; DFI = daily feed intake; mMWT = metabolic mid-weight; CWT = carcass weight; RBY = retail beef yield; IMF 
= intramuscular fat; P8 = subcutaneous fat depth at the P8 site; RF = rib fat; EMA = eye muscle area; LDPF = meat tenderness; w1WGT = 
end of wet season 1 BW (kg); w1HH = hip height at the end of the first wet season; BB = Brahman; TC = Tropical Composite; all = TC and 
BB cattle combined.
2Positive (+)/negative (−) direction of effects of significant SNP (P < 0.001).
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by 4 breeds and allele frequency and haplotype frequen-
cy may vary between them. Although most of the SNP 
were discovered in Bt, this does not affect their ability 
to distinguish Bi from Bt chromosome segments. In the 
Brahman cattle, most of the segments had a b value 
close to 1 indicating little uncertainty, but there were a 
small number of segments with b values less than 0.4. 
The results indicate that Australian Brahman cattle 
contain some chromosome segments of taurine origin, 
which is not surprising given their history of grading 
up from Bt in both the United States and Australia. 
The average of b values across the genome for Aus-
tralian Brahman cattle was 0.9, indicating that about 
10% of their genes are of taurine origin. If the Brahman 
cattle were pure Bi, one would not expect the estimated 
segments of known origin to have any effect on traits 
such as BW within the Brahman data set. Therefore, 
the validation in the Brahman cattle of the effects of 
chromosome origin (b value) discovered in the Bt × 
Bi composites on height confirms the finding that the 
Brahman cattle contain some chromosome segments of 
Bt origin.
The choice of m = 11 SNP segments represents a com-
promise. Table 2 shows that we have a slightly greater 
Table 4. Validation of the origin-known segments for height and BW1 
Total segment
P threshold 
in discovery 
population
Significant in discovery 
population2
Significant in discovery 
and validation populations3
No. Correlation % Same No. Correlation % Same
Height: TC and BB 
 4434 0.001 16 0.59 88  5 0.99 1.00
 4434 0.01 75 0.44 65  7 0.74 0.86
 4434 0.03 190 0.22 55  15 0.54 0.73
BW: TC and BB 
 4434 0.001 10 0.93 100  1 — —
 4434 0.01 67 0.44 69  7 0.72 0.86
 4434 0.03 185 0.32 62  14 0.45 0.79
BW: TC and CRCI4
 4434 0.001 10 0.79 0.90  3 1.00 1.00
 4434 0.01 67 0.48 0.66  4 0.97 1.00
 4434 0.03 185 0.33 0.60  13 0.62 0.77
1No. = number of segments selected at the given P thresholds; correlation = correlation of segment effects between discovery data set (TC = 
Tropical Composite) and validation data set (BB = Brahman) at the given P thresholds.
2SNP significant (P < 0.001 or <0.01 or <0.03) for height or BW in the discovery data set.
3Significant SNP for height or BW (P < 0.001 or <0.01 or <0.03) in the discovery data set were significant (P < 0.05) in the validation data set.
4CRCI = Cooperative Research Centre I.
Figure 4. The effects of significant (P < 0.001) segments (SEG) for height in Tropical Composites [Cooperative Research Centre (CRC) II-
Bos taurus × Bos indicus (Bt × Bi)] are plotted against the effects of the corresponding segments in Brahman cattle (CRCII-Bi). Color version 
available in the online PDF.
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ability to classify longer segments for subspecies origin. 
However, longer segments have a greater risk of being a 
mixture of Brahman and Bt origin, and they define the 
position of polymorphisms affecting quantitative traits 
less precisely. The proportion of segments assigned to 
Bi or Bt origin in the Bi or Bt cattle (respectively) 
never reached 100%. This could indicate the error rate 
of the method, but it could also reflect the fact that 
Brahman cattle in Australia contain some chromosome 
segments of Bt origin as mentioned in the above para-
graph. It is even possible that Bt cattle contain some 
chromosome segments of Bi origin due to unrecorded 
crossbreeding at some time in the past.
Chromosome segment origin had some significant ef-
fects on growth and carcass traits. For height and BW 
the FDR were reasonably small, and we were able to 
Table 5. The location of the significant chromosome segments on height in the Cooperative Research Centre 
(CRC) II composite animals 
Segment  
identification BTA
Start 
position, bp
End 
position, bp
Validated 
in Brahman 
data Example of gene(s) in segment
10 1 4149602 4744612   
1004 5 29878025 30569475  12 keratin gene families
1010 5 34116566 35613518   
1012 5 36115980 36519179  FAM113B protein
1026 5 45427314 45992975   
1027 5 46025314 46432700   
1030 5 47388934 48229977  6 genes for lysozyme C families
1032 5 49250779 50022923 √ Interferon γ
1033 5 50069067 50816332 √ IL-1 receptor-associated kinase M transcript variant 
3 (B3FXL5_BOVIN)
1034 5 51050726 52454560 √ High mobility group AT-hook 2 protein (HMGA2_
BOVIN)
1035 5 52537292 53391516 √  
1039 5 55680135 56458334   
1670 8 66972761 67376483   
2655 14 22603705 23425846 √  
3994 25 24350977 25191415   
3999 25 27730588 28317338  Sarcoplasmic/endoplasmic reticulum calcium 
ATPase 1 (SR Ca2+-ATPase 1)
Figure 5. The effects of significant (P < 0.001) segments for BW in the Cooperative Research Centre (CRC) II animals plotted against the 
mean b values for those corresponding segments in 3 different data sets [CRC I-Bos taurus × Bos indicus (Bt × Bi), CRC II-Bi, and CRC II-(Bt 
× Bi)]. The regression equation and the correlation (r) with its SE are written beside each regression line.
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confirm the results in other data sets. These were the 
traits with the largest data sets and hence the great-
est power. For other traits, we had smaller data sets. 
In particular, there were only 292 composite cattle in 
the CRC I data, and this limited our power for traits 
only recorded in CRC I. Therefore, it is perhaps not 
surprising that FDR were large for many traits. Even 
for height and BW, the difference between the average 
Brahman chromosome segment and the average Bt seg-
ment is small (around 1 kg of BW). This could either 
reflect small effects of the causative polymorphisms or 
small differences between Brahman and Bt in allele fre-
quency at the causative polymorphism. For the major-
ity of carcass traits including intramuscular fat, subcu-
taneous fat depth at the P8 site (P8), rib fat, and retail 
beef yield, almost no significant differences were found 
between segments of zebu and taurine origins.
Because the segments were created from the indi-
vidual SNP, the results from 11-SNP segments could be 
compared with a conventional genome-wide association 
study based on individual SNP in the CRC II Bt × Bi 
data set (Bolormaa et al., 2011). In most cases (9 out 
of 10 segments at P < 0.001 in the Bt × Bi data set 
for BW) there was at least 1 SNP with a significant 
effect on the trait within a segment if the subspecies 
origin of the segment had a significant effect on the 
trait. However, when both the segment and the SNP 
were fitted in the same model, the SNP was no longer 
significant. Thus, these SNP were significant when fit-
ted alone because they indicate Bt vs. Bi origin. These 
results could be explained if the allele frequency at the 
causative polymorphism differs greatly between Bt and 
Bi so that there is little additional variation for a SNP 
to detect. Alternatively, it could be that the SNP are 
not in sufficient linkage disequilibrium with the caus-
ative polymorphism to detect the segregation of this 
polymorphism within Bt or within Bi segments. As 
pointed out above, at some positions across the bovine 
genome, up to 37% of total Brahman segments were of 
the taurine origin (b < 0.4). At those genome positions, 
the same haplotypes were frequently represented in Bt, 
Bi, and Bt × Bi populations. This might indicate that 
these segments of the taurine origin were specifically 
selected in Brahman and crossbred cattle.
Meat tenderness (LDPF) had significant associations 
with the 15 origin-known segments. Meat tenderness is 
known to be affected by polymorphisms in the calpain 
and calpastatin genes, and these polymorphisms dif-
fer in allele frequency between Brahman and Bt cattle 
(White et al., 2005; Barendse et al., 2007, 2008; Davis 
et al., 2008). However, none of calpain and calpastatin 
genes was detected within the highly significant LDPF 
segments. Calpain-1 (on BTA 29) and calpain-2 (on 
BTA 16) were situated within segments that were 
weakly significant for LDFP (P = 0.035 with effect size 
of +0.141 kg and P = 0.040 with effect size of −0.127 
kg of shear force, respectively). This may indicate that 
the difference in allele frequency at calpastatin is not 
large enough to generate a significant difference for Bi 
and Bt segments.
In conclusion, using 50K SNP genotypes in breeds of 
beef cattle derived from crossing Bi and Bt, it is pos-
sible to recognize chromosome segments containing 11 
SNP as of either Bi or Bt origin. From this analysis, 
the Australian Brahman appears to contain about 10% 
Bt genes. At some positions within the genome, Bt and 
Bi chromosome segments have significantly different 
effects on BW and other traits. However, the effects 
are small, so a prediction of BW based on the origin 
of the chromosome segments that an animal carries is 
of low accuracy. Chromosome segments that increase 
BW have tended to be retained in the composite breeds 
studied.
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APPENDIX
Derivation of Formula [1]
Consider a segment of length m SNP, where xj = the 
allele at the jth SNP (x = 0 or 1), pAj  = the frequency 
of the allele coded 1 at the jth SNP in A cattle, where 
A can be Bt, Bi, or Bt × Bi, and b = the probability 
that the segment is of Bi origin.
A linear model for the data is
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Therefore, b can be estimated by weighted regression 
where the BW is V ej( )
−1 for the jth SNP. That is,
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Derivation of Formula [2]
For a segment of m SNP, there are 2m possible haplo-
types (HAP), but in practice only some of them occur 
in the data. Let HAP be the observed haplotype on 
this segment. We wish to estimate the probability that 
this segment is of Bi origin conditional on the observed 
haplotype.
That is,
 
p Bi HAP
p HAP Bi p Bi
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p HAP Bi p Bi
p HAP Bi p Bi
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Because the composite cattle are roughly 1/2 Bt and 
1/2 Bi, we assume that the prior probabilities are equal, 
p(Bi) = p(Bt), and writing as p HAP Bi pBi( | ) ,=  which 
is a frequency of the observed haplotype in Bi cattle, 
then
 ˆ ( | ) .b p Bi HAP
p
p p
Bi
Bi Bt
= =
+
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